ABSTRACT Multifrequency, near-simultaneous VLBA observations have been used to achieve matched resolution images of the inner 8 pc of Centaurus A, including the jet, the nucleus, and the counterjet, at a spatial resolution of approximately 0.1 pc. By comparing the three images, at 2.2, 5.0, and 8.4 GHz, and assuming a constant intrinsic spectral index between 2.2 and 8.4 GHz along each line of sight, it is possible, in principle, to separate the e †ects of synchrotron self-absorption intrinsic to the radio source from free-free absorption, which is extrinsic. Toward the unresolved Centaurus A nucleus, the observed spectral index between 2.2 and 5.0 GHz is inverted to an extent where free-free absorption is unavoidable, at its peak. Toward this region the optical depth to free-free absorption is estimated to be a \ 3.8^0 .5 0.6, at 2.2 GHz, giving an intrinsic spectral index of a \ 2.0^0.5, within the bounds explainq ff \ 0.9^0.4 able by synchrotron self-absorption. Away from the nucleus the remainder of the bright subparsec-scale radio jet has a spectral index close to [0.7 and is not a †ected by free-free absorption. We adopt a simple spherical geometry for the nuclear absorber with an upper limit on its radius of 0.016 pc, giving a constraint on the electron density and temperature, where is the electron density in n e4 2 T 4 1.35 Z 9.3, n e4 units of 104 cm~3 and is the electron temperature in units of 104 K. Assuming gives a lower T 4 T 4 \ 1 limit for the total mass of the absorber of 0.01
INTRODUCTION
Centaurus A (NGC 5128), at approximately 3.4 Mpc, a †ords us unprecedented views of a Fanaro †-Riley type I radio source (Fanaro † & Riley 1974) and its host galaxy on scales ranging from 0.008 pc to 250 kpc (Israel 1998 ). An angular extent of 1 mas at this distance is equivalent to approximately 0.016 pc.
VLBI monitoring of the subparsec-scale structure and evolution of Centaurus A has revealed a strong, inverted spectrum (spectral index a D 4 between 2.3 and 8.4 GHz ; S P la) central radio nucleus. The complex subparsec-scale jet is composed of components which move away from the nucleus at an apparent speed of approximately 0.1c but can undergo irregular episodes of rapid internal evolution, implying a much higher underlying jet speed (Tingay et al. 1998 ; Tingay 1996) . A prominent subparsec-scale counterjet has also been discovered (Jones et al. 1996) .
The strong frequency-dependent appearance of Centaurus A on the subparsec scale is a feature of the source. The highly inverted spectrum of the radio nucleus cannot be interpreted in terms of synchrotron self-absorption alone, since the spectral index clearly exceeds the theoretical a \ 2.5 limit for a synchrotron plasma. It is likely that, additional to the e †ects of synchrotron self-absorption, freefree absorption is partly responsible for the observed radio spectrum of the nucleus.
On this basis, from near-simultaneous VLBI observations at 4.8 and 8.4 GHz, Tingay (1996) suggested that a 1 pc path length through a free-free absorbing structure of electron density cm~3 and temperature T \ 104 K n e \ 104 would provide enough absorption to bring the intrinsic nuclear spectral index within the realms of possibility for synchrotron self-absorption.
These parameters inferred for the free-free absorber in Centaurus A are fairly typical when compared to other compact sources for which free-free absorption has been investigated. For the compact symmetric object 1946]708, Peck, Taylor, & Conway (1999) estimate the free-free absorption toward the core and the receding jet components by comparing a 1.3 GHz VLBA image with 5 and 15 GHz VLBA images and Ðnd it consistent with a path length of 50 pc, a temperature of 8 ] 103 K, and an electron density ranging between 2 ] 102 and 3.5 ] 102 cm~3. Jones et al. (1999) Ðnd evidence for free-free absorption due to an accretion disk in NGC 4261. They estimate that the path length through the disk is 0.1 pc and assume a temperature of 104 K to derive that the average electron density in the inner 0.1 pc of the disk is in the range 103È108 cm~3.
For 3C 84, Vermeulen, Readhead, & Backer (1994) found that a disk or torus with a free-free path length of 3 pc, temperature of D104 K, and electron density of D1.5 ] 104 cm~3 could produce enough absorption to explain their VLBI observations of the counterjet. 0, 8.4, 15.3, and 22.2 GHz data that the degree of absorption toward the northern component is consistent with ionized gas of temperature 104 K and emission measure about 5 ] 108 pc cm~6. The amount of absorption in 3C 84 decreases strongly in proportion to approximately the 1.5È1.8 power of the distance north from the core near 2.5 pc.
The method adopted by Walker et al. (2000) is very similar to the method we will discuss below for our Centaurus A observations, attempting a simultaneous Ðt for the intrinsic surface brightness distributions and the free-free optical depth from multiwavelength VLBI observations. This method has also recently been used by Kameno et al. (2000) to constrain the optical depths toward GHz-peaked spectrum radio sources, as well as the intrinsic surface brightness distributions.
The previous analysis of the free-free absorption toward Centaurus A is extended here by obtaining nearsimultaneous VLBA images of matched resolution at three frequencies, 2.2, 5.0, and 8.4 GHz. In principle, a comparison of three such images can allow us to estimate the relative contributions of synchrotron self-absorption and free-free absorption, not only toward the nucleus in Centaurus A but also toward the jet and counterjet, raising the possibility that we can constrain the geometry of the freefree absorbing structure between us and the subparsec-scale source in Centaurus A.
CALCULATING THE FREE-FREE ABSORPTION
We assume that the intrinsic surface brightness, as a B int , function of frequency in GHz) and position (x in mas) (l 9 along the jet of a radio source over some frequency range can be represented as a simple power law,
The e †ect of a free-free absorbing structure between us and the source will be to diminish the intrinsic Ñux density so that the absorbed surface brightness distribution, is,
where the optical depth
with the path length through the free-free absorbing l pc (x) structure in parsecs, the temperature of the structure T 4 (x) in units of 104 K, the number density of electrons in n e4 (x) the structure in units of 104 cm~3, the number density n i4 (x) of ions in the structure in units of 104 cm~3, and g ff (l, T , Z) the Gaunt factor appropriate to the observing frequency and the atomic weight and temperature of the free-free absorbing gas (Rybicki & Lightman 1979) . At radio frequencies the Gaunt factor can be approximated by (Brown 1987) .
where is the free-free
.35 absorption coefficient at making the assumption l 9 \ 1, that Z \ 1, to correspond to a pure hydrogen plasma [hence, n e4 (x) \ n i4 (x)]. Equation (1) always holds, but the quantity that is measured with an instrument of limited resolution, B meas
is the convolution of with the resolution function B abs
For features which are completely resolved, is R(l 9 , x) well approximated by a delta function and B meas (l 9 , x) \ However, for an unresolved feature at x \ 0, for B abs (l 9 , x). example, is now approximated by a delta func-B abs (l 9 , x) tion and the convolution in equation (2) comes into full e †ect, Thus, care needs to B meas (l 9 , x) \ R(l 9 , x)B abs (l 9 ,0). be taken in interpreting the measured surface brightness, to take any convolution e †ects due to unresolved components into account.
From matched resolution VLBA images at three di †erent frequencies, we can measure Thus, if the source B meas (l 9 , x). is well resolved, we can form a system of three simultaneous equations from equation (1) and solve for the variables A(x), a(x), and at each value of x. The optical depth at each q 1 (x) frequency will be given by q ff (x) \ q 1 (x)l 9 2.1. Care needs to be taken if both resolved and unresolved components are present in the source.
OBSERVATIONS AND DATA REDUCTION
VLBA1 observations were conducted using eight of the 10 antennas. The Brewster and Hancock antennas were excluded from the observations, since Centaurus A lies too far south for them (d \ [44¡) . Observations at 8.391 GHz were obtained on 1999 May 1, at 2.243 GHz on May 2, and at 4.964 GHz on May 4. Near-simultaneous VLBA observations were required since components in the Centaurus A subparsec-scale jet have been observed to vary on short timescales, less than 3 months (Tingay et al. 1998 ). By obtaining observations over 4 days, the e †ects of variability have been minimized. Each observation had a duration of approximately 7 hr. In each case a 64 MHz bandwidth was employed with one bit sampling. All data were correlated at the VLBA correlator in Socorro.
The correlated data were amplitude calibrated, fringe Ðtted, and frequency averaged using the standard procedures for continuum VLBA observations outlined in the AIPS2 cookbook. The data were then exported to DIFMAP (Shepherd, Pearson, & Taylor 1994) for editing, time averaging, and imaging. Amplitude calibration errors were approximately 5% for all antennas at all three frequencies.
In order to compare the images at the three frequencies at the same resolution, the images were made di †erently at each frequency. At 2.2 GHz the full array gave a restoring beam resolution of 2.5 ] 7.7 mas at a position angle of Thus, during imaging a Gaussian weighting function [3¡ .3. (in addition to uniform weighting), with value 1 at 0 Mj and 0.3 at 20 Mj, was applied to the data, producing an image with restoring beam 5.7 ] 17.7 mas at position angle [0¡ .8 (Fig. 1a) . We reduced the 2.2 GHz resolution in this way so that we could choose a subset of the VLBA at higher fre- 8¡ .1 at position angle at 8.4 GHz. Contour levels are [0.5%, 0.5%, 1%, 2%, 4%, 8%, 16%, 32%, and 64% of peak at 2.2 GHz and 5.0 GHz and [0.25%, 3¡ .7 0.25%, 0.5%, 1%, 2%, 4%, 8%, 16%, 32%, and 64% of peak at 8.4 GHz.
quencies so as to produce approximate scaled arrays, and matched resolution images at the three frequencies.
At 5.0 GHz the data from the Mauna Kea and Saint Croix antennas were edited from the data set, removing the longest baselines and leaving the more compact array of antennas in the southwest USA and the antenna at North Liberty. A uniformly weighted image from this array at this frequency gave a restoring beam of 5.5 ] 20.3 mas at position angle (Fig. 1b) . 8¡ .1 At 8.4 GHz, the array as described at 5.0 GHz was used but at this frequency with a Gaussian weighting function with value 1 at 0 Mj and 0.2 at 20 Mj applied, producing an image with restoring beam 6.2 ] 18.5 mas at position angle (Fig. 1c) . 3¡ .7 Finally, the restoring beams at all three frequencies were averaged and the result used as the restoring beam for comparison of the images, which were rendered using the same map size, 2048 pixels, and pixel size, 0.25 mas (Fig. 2) . From  Figure 2 the strong frequency dependence of the subparsecscale structure in this source is immediately apparent.
Since the process of fringe Ðtting and imaging the VLBA data introduced an unknown o †set into the right ascension and declination of each image, placing the brightest feature at each frequency at the center of its respective image, we registered the images so as to compare their structures. This is potentially a difficult step if the source is a †ected substantially by frequency-dependent absorption. This is certainly true of the nucleus of Centaurus A which is a †ected by both synchrotron self-absorption and free-free absorption. However, the bright part of the jet shows the same features at all three frequencies. These features are not compact enough to display signiÐcant self-absorption, and since their observed spectral indices appear to be about [0.7 they may not be a †ected by free-free absorption to the same degree that the nucleus is (results in°4.1 conÐrm this). The registration proceeded by Ðrst aligning the 5.0 and 8.4 GHz images using the features in the bright part of the jet, which is prominent in both images ; for the reasons given above, the nucleus was not considered in forming the registration. It was found that a westward shift of 1.25 mas and a northward shift of 0.25 mas applied to the 5.0 GHz image produced the best overall alignment between the features in the two images. Next the 2.2 and 5.0 GHz images were registered in the same way. It was found that a westward shift of 11.25 mas and a northward shift of 10.25 mas applied to the 2.2 GHz data produced the best overall alignment between the 2.2 and 5.0 GHz images.
The registration of the images is illustrated in Figure 3a where the surface brightness proÐles along the jet position angle of 52¡ are plotted from the three images after they were registered. Also plotted in Figure 3b are the observed spectral indices between 2.2 and 5.0 GHz and between (a 2.2 5.0) 5.0 and 8.4 GHz as calculated along this position (a 5.0 8.4), angle from the registered images. Error bars on the observed Ñux densities are derived from the quadrature sum of the error in the Ñux density scale is the Ñux (0.05S obs ; S obs density in a single image pixel), the rms o †-source image noise level and an estimate of the on-source errors (S RMS ), due to nonuniqueness in image deconvolution. These onsource errors dominate in images that have been made using poor UV coverage, especially UV coverage that contains large holes, and they can also depend upon the source structure. On-source errors are difficult to quantify since knowledge of the true surface brightness distribution is required before the errors due to the UV coverage can be determined.
Therefore, to estimate the on-source errors in our Centaurus A images, we have developed imaging simulations as follows. We constructed a model to represent the Centaurus A structure, based on our images at 2.2, 5.0, and 8.4 GHz. We then used the Caltech VLBI task FAKE (Pearson 1991) to generate simulated VLBI data from these models. We included realistic noise and used the arrays and time ranges corresponding to the actual observations at the three frequencies. Finally, we imaged the fake data using the techniques described above to produce matched resolution images.
By comparing the images resulting from the fake data to the surface brightness distributions of the models from which the fake data were generated, we estimated the onsource Ñux density errors due to the UV coverages. We found that at 5.0 and 8.4 GHz the on-source errors toward the core and bright part of the jet were at the 10% level. For the faint extended jet and counterjet, however, the onsource errors are greater than 50%. At 2.2 GHz, where the UV coverage is less uniform than at 5.0 and 8.4 GHz, the on-source errors toward the bright parts of the source are at the 30% level. Toward the faint extended jet and counterjet, the errors climb to almost 100%.
Thus, the overall Ñux density error on an individual pixel is given by
where a \ 0.1 for the observing frequencies of 5.0 and 8.4 GHz and a \ 0.3 for 2.2 GHz. Since this estimate of the on-source errors only pertains to the core region and the bright parts of the jet, we restrict further analysis and discussion to the region of the source between [10 and 45 mas relative to the peak in the 8.4 GHz image, as appears in Figure 3 . The Ñux density errors, as given above, were used to calculate the errors on the spectral indices in Figure 3b and are propagated through the calculations in°4.1 to give error estimates for the intrinsic spectral indices and the freefree optical depths.
RESULTS
From Figure 3a we see that and a 5.0 8.4 \ 2.4^0.4 a 2.2 5.0 \ at a position [5 mas from the peak surface 3.8^0 .5 0.6 brightness at 8.4 GHz. These spectral indices are similar to previously determined values utilizing a similar registration method. Tingay (1996) found from data obtained in a 4.8 8.4 D 4 1992. Jones et al. (1996) found to be approximately 4. The spectral index of the main jet structure appears to be relatively constant over the bright portion of the jet, between the three frequencies. The jet spectrum is somewhat steep, a D [0.7^0.6.
Estimating the Free-Free Optical Depth
The Ñux density proÐles in Figure 3a can now be used to estimate the optical depth of free-free absorbing material on the line of sight to the Centaurus A nucleus and on the line of sight to the bright part of the main jet, as described in°2.
We note that the Ñux density proÐles and observed spectral indices indicate two things that are important for our interpretation of the data. First, the emission from the main jet appears to be reasonably well resolved, and the spectral indices are slowly varying functions over the region between 10 and 45 mas from the 8.4 GHz peak Ñux density. This would suggest that equation (1) may provide a reasonable approximation to the intrinsic spectral index of the source and the free-free optical depths along these lines of sight.
Second, the region where the optical depth is highest and varies most rapidly is near the position of the 8.4 GHz peak Ñux densityÈthe radio nucleus. However, from the Ñux density proÐles it appears that the nucleus is unresolved in our images. The FWHM of the nuclear component, along the position angle of the jet, is approximately 10 mas, while the FWHM of our restoring beam along the same position angle is approximately 9 mas. We can place a rough upper limit on the true angular size of the nuclear component of 1 mas. Therefore, in the region between [10 and 10 mas from the 8.4 GHz Ñux density peak, equation (1) will not give a good approximation to the true spectral index and free-free optical depth distributions, since the source structure is unresolved and convolution e †ects dominate in this region.
The results of the application of equation (1) to the data are given in Figure 4 . Figure 4a shows the estimated intrinsic spectral index at each point along the jet. The intrinsic spectral index toward the bright part of the jet is consistently approximately [0.7^0.6 and approximately 2.0^0.5 toward the unresolved nucleus. Figure 4b shows the optical depth to free-free absorption, at the three observing q ff , frequencies. The optical depth at all three frequencies is greatest toward the nuclear region, at 2.2 q ff \ 0.9^0.4 GHz, and consistent with zero absorption toward the bright part of the jet.
However, the variations of the optical depth toward the nucleus are probably not real, due to the resolution e †ects discussed above and in°2. In this case the apparent rise in optical depth approximately 5 mas from the peak in the 8.4 GHz Ñux density is an artifact of convolution, as is the sharp rise in intrinsic spectral index 10 mas from the 8.4 GHz peak Ñux density. The estimated values of the optical depth, at 2.2 GHz, and the intrinsic spectral q ff \ 0.9^0.4 index, a \ 2.0^0.5, are more likely to apply only to the unresolved nuclear component.
Our data are an extreme example of what Walker et al. (2000) discuss as variations in the absorption over a beam. Walker et al. (2000) can quantify this e †ect in their 3C 84 data since they resolved the source and measured the surface brightness distribution at four frequencies.
Since we cannot model in detail the free-free absorption system, due to lack of angular resolution, we brieÑy discuss some order of magnitude constraints on its parameters, based on the data.
Properties of the Free-Free Absorber
The only region of the Centaurus A source accessible to our data which appears to be a †ected by free-free absorp- tion is the nuclear region ; we can make no conclusions about the lines of sight to the counterjet, as discussed in°3. The main jet emission is consistent with zero free-free absorption over its length, but the unresolved nucleus requires some degree of free-free absorption, since the observed spectral index is greater than theoretically possible from a synchrotron plasma.
The free-free optical depth we estimate for the nuclear region, taken as pertaining to the unresolved nuclear component, combined with the estimated upper limit to the size of the nucleus, can give some order of magnitude constraint on the properties of the absorber if a simple absorber geometry is assumed.
Using at 2.2 GHz and assuming a spherq ff \ 0.9^0.4 ical absorber centered on the radio nucleus, since we have no reason to assume anything more complicated, gives where is now the path length 32.9r s,pc n e4 2 T 4 1.35 D 4.9, r s,pc through a sphere of radius r pc. Since we roughly estimate that the core is less than 1 mas in angular size, corresponding to 0.016 pc, we adopt giving r s,pc \ 0.016, n e4 2 T 4 1.35 Z 9.3.
In turn, if we assume that the temperature of the absorber is 104 K then and a crude lower limit to the total n e4 [ 3.1, mass of the absorber can be obtained, 0.01 M _ . The detection of H I absorption against the Centaurus A nucleus could perhaps provide some further constraint on the electron density close to the nucleus. However, VLBA observations of the 21 cm line by Peck & Taylor (1998) su †er from the highly inverted spectral index of the nucleus. At the 21 cm line the Centaurus A nucleus is invisible due to free-free absorption, providing no continuum against which to detect H I absorption.
It is worth noting that van Langevelde & Beasley (1998) detected OH lines against the Centaurus A nucleus with the VLBA, concluding that the size of the molecular clouds is less than approximately 1 pc.
CONCLUSIONS
The highly inverted spectrum of the unresolved Centaurus A nucleus can be explained in terms of a spectral index of a \ 2.0^0.5 due to synchrotron self-absorption intrinsic to the nucleus and additional absorption due to an intervening ionized screen of material that has an optical depth of q \ 0.9^0.4 due to free-free absorption at 2.2 GHz.
Our method of calculating free-free absorption di †ers from the usual analysis, where intrinsic spectral indices are generally assumed. In the analysis presented here the intrinsic brightness distribution is solved for at each frequency, as is the free-free optical depth. In this case data at three frequencies is the minimum required. The analysis of the Centaurus A data su †ers from the complicating e †ect of limited resolution, especially toward the nuclear region, where the free-free absorption and the intrinsic spectral index are at maxima.
By combining our estimate of the free-free optical depth toward the nucleus with the estimated upper limit to the size of the nucleus, we have estimated a lower limit of assuming a simple spherical (radius \ n e4 2 T 4 1.35 Z 9.3, 0.016 pc) geometry for the absorber. In turn we estimate an approximate lower limit to the total mass of the absorber of 0.01 M _ . The results of this type of analysis could be strengthened by using higher resolution and more sensitive VLBI observations. For example, with higher resolution we may be able to measure the optical depth and intrinsic spectral index distributions toward the nucleus. Better sensitivity would allow us to measure the optical depth as a function of distance toward the faint counterjet. Both these improvements would better constrain the absorber geometry. Such observations would require the combination of the VLBA with antennas in the southern hemisphere, and large antennas such as the phased VLA and/or the 70 m Deep Space Network antennas, to improve the UV coverage, resolution, and sensitivity.
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